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Two-dimensional echocardiography has proven veryuseful
in assessing valvular heart disease, but the technique is
limited in certain groups of patients and is unable to
quantify a transvalvular pressure gradient. Advances in
the Doppler ultrasound techniques have made it possible
to noninvasively measure velocity of flow across a ste-
notic heart valve and to calculate the pressure gradient.
A commercially available, continuous and pulse wave
Doppler instrument was utilized to assess the transval-
vular pressure gradient in patients with mitral and aortic
stenosis and the transmitral pressure half-time to cal-
culate mitral valve area.
Thirty-five consecutive adult patients with suspected
aortic stenosis and 30 adult patients with suspected mi-
tral stenosis underwent Doppler ultrasound examination
within 24 hours of cardiac catheterization. An adequate
Doppler examination was obtained in 81% of the patients
with aortic stenosis, with a correlation between the Dop-
Cardiac ultrasound has long been used to assess valvular
stenosis. M-mode echocardiography has been used exten-
sively to provide quantitative and semiquantitative evalua-
tion of the severity of both mitral and aortic stenosis. Two-
dimensional echocardiography has enabled the accurate
measurement of the mitral valve area in patients with good
quality studies, but the precise measurement of aortic valve
area has remained difficult ( 1-4). The ultrasound assessment
of valvular stenosis has been limited by an inability to mea-
sure actual pressure gradients across stenotic valves.
Doppler ultrasound has been demonstrated capable of
recording blood flow velocities (5.6). Recent advances in
instrumentation have made it possible to measure the ve-
locity of flow across stenotic valves (7-10). These recorded
velocities have been used to quantify the transvalvular pres-
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pier-derived transaortic gradient and the catheteriza-
tion-derived gradient of 0.94. The Doppler-measured
gradient accurately separated those patients with sig-
nificant aortic stenosis (gradients of greater than 50 mm
Hg) from those patients with noncritical aortic stenosis.
Similarly, an adequate Doppler examination was ob-
tained in 90% of the adult patients with mitral stenosis.
There was also closecorrelation between the mitral valve
area and mean pressure gradient measured by the Dop-
pler technique and that obtained at the time of cardiac
catheterization (r = 0.87 and 0.85, respectively). The
Doppler technique proved to be useful in those patients
who had also undergone prior mitral commissurotomy.
This study confirms that the combined continuous
pulse wave Doppler technique will serve as a valuable
addition to the diagnostic capabilities offered by
echocardiography.
sure gradient and, in the case of mitral stenosis, estimate
the valve area. Further work is necessary to confirm initial
results utilizing commercially available Doppler equipment.
The current investigations sought to evaluate two commer-
cially available Doppler ultrasound instruments for the as-
sessment of the transvalvular gradient in patients with mitral
and aortic stenosis.
Methods
Theoretical Considerations
Valvular pressure gradient. The Bernoulli equation is
the basic mathematical relation between pressure drop across
a stenosis and the resulting velocity of flow across the ste-
nosis. The relation states that:
~ P = 1/2 p ~ y2 - R,
where P is the pressure drop across the stenosis, p is the
density of the fluid (1.06 g/cm - J for blood), Y is the change
in velocity of the fluid across the stenosis and R is the viscus
loss. The flow across the mitral valve starts at zero velocity
in the atrium, accelerates through the mitral valve and then
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decelerates to zero velocity in the ventricle . In patients with
aortic stenosis, blood velocity would be very low in the left
ventricular outflow tract compared with the velocity across
a stenosis . Unlike mitral stenosis , poststenotic flow in the
aorta is not equal to zero . Previous work (I I) has demon-
strated that blood velocity in the aorta is much slower than
velocities produced by a significant transvalvular gradient
and are not significant. Thus, the velocity across a stenotic
valve can be direct ly related to transva lvular pressure gra-
dient. The effects of viscus loss are very complex and dif-
ficult to evaluate. In vitro and in vivo experiments (12)
sugges t that within the physiologic range, viscus loss across
a stenosis can be neglected.
The Bernoulli equation can be converted to mm Hg pres-
sure and simplified so that the fo llowing relation exists:
d P = 4 V2 ,
where P = transva lvular pressu re gradient in mm Hg and
V = maximal velocity recorded in meters per second (mf
s). This equation was used to calculate pressure gradients
from the Doppler data .
Mitral pressure half- t ime. The mitral pressure half-
time has been proposed as a measure of the severity of
mitral stenosis (13,14) . The pressure half-time is defined as
the time required for the transvalvular gradient to fall to
half its initial value. As pressure can be determined from
velocity (as in the second equation) , pressure half-time can
be expressed as the time required for initial velocity (Vo)
to fall to a value equal to the velocity divided by the square
root of 2:
Vo
P ( l 1/2) =J2 .
Mitral pressure half-time has been measured by Doppler
ultrasound and found to correlate with the severity of ste-
nosis (15). Recently, it has been postulated that an estimate
of mitral valve area can be made by dividing 220 by the
pressure half-time expressed in milliseconds (16). A pres-
sure half-time of 100 yields an estimated valve area of 2
ern", whereas a time of 220 ms predicts a I em? valve .
These calculations are illustrated in Figure I.
Instrumentation
The Doppler instruments utilized in this study are com-
mercially available versions of previously described devices
(11,17). The initial instrument was an IREX-Pedoff Doppler
system only, using a 1.3 crrr' diameter transducer with a 2
MHz ultrasonic frequency. In the pulse mode, maximal
measurable velocity is 1.7 mfs for depths less than 7.5 em
and I mfs for depths grea ter than 7.5 cm . The continuous
mode lacked depth resolution but was capable of measuring
velocities as high as 6 m/s. The output of the device was a
Figure 1. Diagrammatic representation of how mitral pressure
half-time is calculated from an idealized Doppler velocity profile.
The mitral pressure half-time (tll2) is the time necessary for the
initial pressure gradient to fall to half its peak value (from 16 to
8 mm Hg in this example). Due to the squared relation between
velocity and pressure gradient. the same result is obtained by
determining the time required for initial velocity to decrease to a
value equal to initial velocity divided by 2. An estimate of mitral
valve area (MYA) is obtained by dividing 220 by the tY2 measured
in ms.
mean and maximal velocity estimator as previously de-
scribed (11,1 7), and was recorded on an IREX System II
strip chart recorder. A direct audio output aided in identi-
fying optimal transducer position.
Combined Doppler two-dimensional echocardiogra-
phic system. In the latter half of the study, a Doppler
instrument interfaced with a two-dime nsional echocardio-
graphic instrume nt was utilized (lREX Doppler System III).
The Doppler system was the same as described previously
with the except ion that a real-time spectral frequency ana-
lyzer was included. The system output included mean and
maximal velocity estimators and spectral frequencies . The
system allowed simultaneous two-dimensional imaging and
Doppler measurements when using the 2 x 1.3 cm phased
array transducer. A Doppler only transducer was available
for anatomic windows too small for the larger phased array
transducer. Outputs were recorded on the System III strip
chart recorder and were reproduced through an audio speaker.
Recording. The maximal velocity estimator and the
spectral frequency analyzer were both found to be relatively
insensitive to receiver gain or compression settings. The
gain on the analog system was increased until an identifiable
velocity profile was present. Further increases in the gain
setting produced little change in the peak velocity or in the
velocity profiles. At very high gain settings, there was a
characteristic abrupt saturation of the signal resulting in a
deflection of the output to the limit of the strip chart recorder.
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This was easy to identify and allowed adjustment of the
gain to an optimal setting. The real-time spectral frequency
analyzer was utilized to measure the pressure gradient when
this system became available. The real-time frequency ana-
lyzer did not have a separate gain control. The spectral
analyzer had a variable compression control that allowed
the operator to adjust the output gray scale assigned to
various energies of the reflected Doppler signal. Excessive
compression was capable of altering the Doppler signal. For
this study, the minimal compression setting was utilized.
The distinction between the true Doppler signal and the
background noise artifact was, in general, easy to make by
visual inspection. Only in recordings in which a clear dis-
tinction between the signal and the background was possible
were measurements made.
Ultrasound Examination
Aortic stenosis. Patients with suspected aortic stenosis
were imaged initially using the small Doppler only trans-
ducer in the suprasternal notch. The transducer was placed
as low as possible in the notch and angulated anteriorly.
The ultrasonic beam was maneuvered laterally and antero-
posteriorly until maximal velocity was identifiedby listening
to the pitch of the audio signal and observing peak recorded
velocities. The maximal velocity jet was identifiedby a high
audio pitch and by an audio signal of uniform pitch. Outside
of the maximal velocity jet, the signal was of a lower pitch
and contained many lower audio frequencies as well. This
produced a less musically pure sound. Frequently, it was
necessary to have patients hold their breath or lie on either
their left or right side before maximal velocity could be
recorded. An attempt to record aortic valve velocity jets
from the supraclavicular areas was also made. The patient
was then placed in the right decubitus position and Doppler
signals were recorded from multiple positions along the right
parasternal border. With the patient in the left decubitus
position, an attempt was made to record aortic Doppler
signals from the left parasternal border and from the cardiac
apex. From the parasternal and apical positions, the char-
acteristic audio signal from the mitral valve was used to
guide the ultrasound beam anteriorly and medially to the
aortic valve and ascending aorta.
When using the combined Doppler and two-dimensional
echocardiograph system, examination of the suprasternal
and right parasternal areas was performed with the small
Doppler only transducer, while the left parasternal and ap-
ical examination was performed with the larger combined
transducer. Maximal recorded velocity was taken to cal-
culate the peak transvalvular gradient. A minimum of five
beats was averaged to determine peak velocity.
Mitral stenosis. Patients with mitral stenosis were ex-
amined from the left parasternal border and cardiac apex,
usually with the patient in the left lateral position. It was
necessary to record multiple apical positions to identify the
maximal velocity profile. In some patients, rotation of car-
diac structures during diastole resulted in maximal velocity
recordings with a slightly deformed profile. making it dif-
ficult to measure the pressure half-time. In such patients. a
window yielding slightly lower peak velocities but a smoother
profilewas utilized to measure pressure half-time. The max-
imal velocity profile was used to calculate mean gradient.
A mean mitral transvalvulargradient was calculated for each
patient by integrating the velocity profile every 0.04 second
through diastole. This was necessary because a planimetered
mean velocity does not reflect mean pressure gradient due
to the squared relation between velocity and pressure. Each
patient had a pressure half-time and an estimated valve area
calculated as described. A minimum of five beats was av-
eraged for patients in sinus rhythm and seven beats if the
patient was in atrial fibrillation.
Inadequate studies. Patients with inadequate Doppler
studies were identified at the time of the Doppler exami-
nanon and before cardiac catheterization. These patients
were considered as having inadequate Doppler studies even
if subsequent catheterization closely agreed with the Dop-
pler-derived gradients. The aortic valve gradient was con-
sidered inadequate when a typical velocity profile could not
be recorded in any position. The audio signal also had to
have a pure pitch to be considered adequate. This was of
necessity a subjective determination. The mitral gradient
was considered adequate for measurement only when a char-
acteristic mitral flow profile was identified. An inadequate
study of a mitral valve would demonstrate a very irregular
velocity profile that was distinguishable from an adequate
study by visual examination and by the auditory signal.
Cardiac Catheterization
All patients underwent routine cardiac catheterization.
Pressures were measured utilizing an appropriate fluid-filled
catheter connected to a Gould P-23-D transducer, interfaced
with a Hewlett Packard 4568-C recorder. All transducers
were standardized against a mercury manometer. During
recording, the minimal dampening setting of the recorder
was utilized. Optimal pressure recordings were selected with
the aid of an experienced angiographer. utilizing accepted
criteria. Patients with aortic stenosis were studied from the
femoral artery using an 8F sheath with a side arm pressure
port. Left ventricular pressure was obtained using a straight
or pigtail 7F catheter. Care was taken to establish equal
pressures in the femoral sheath and in the catheter when the
catheter was in the ascending aorta. Simultaneous left ven-
tricular and femoral artery pressures were recorded before
the patient received any contrast medium. The peak to peak
gradient, mean gradient and valve area were calculated.
Cardiac output was determined by either thermodilution or
direct Fick methods.
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Patients with mitral stenosis had right heart and pul-
monary artery catheterization using a balloon-tipped cath-
eter inserted into the arm or the femoral vein. Pulmonary
capillary pressure was measured to provide an estimate of
left atrial pressure, while simultaneous left ventricular pres-
sure was measured to determine the mean mitral gradient.
Cardiac output was measured as described. The mitral valve
area was calculated using Godin's modification of the orig-
inal Godin formula (18). Left ventriculography was per-
formed using a standard technique to detect mitral regur-
gitation. Mitral regurgitation was graded in severity from 0
to 4+.
Study Patients
The study group consisted of a consecutive series of adult
patients undergoing catheterization for suspected aortic or
mitral stenosis. The aortic stenosis group consisted of 35
adult patients. However, three patients were eliminated when
the aortic valve could not be crossed at the time of cathe-
terization, leaving a final study group of 32. Their mean
age was 62.5 ± 10.0 years; there were 13 women and 19
men. The mitral valve group consisted of 30 patients with
an average age of 47.9 ± 13.1 years. There were 21 women
and 9 men. Nine patients were studied an average of 15.2
± 4.9 years after mitral commissurotomy, while 16 were
in atrial fibrillation at the time of Doppler examination.
All patients underwent Doppler examination within 24
hours after cardiac catheterization. They were in clinically
stable condition between studies with the exception of one
patient who developed atrial fibrillation between Doppler
study and catheterization. This patient was excluded from
the comparison of mean mitral valve gradient but was in-
cluded for the comparison of mitral valve area by Doppler
and catheterization techniques. In all cases, the Doppler data
were calculated without knowledge of the catheterization
results. Patients with 3 + or 4 + mitral regurgitation on
cineventriculography were excluded from this study.
Results
Representative Recordings
A comparison between pulse and continuous wave Dop-
pler recordings is demonstrated in Figure 2. Recordings are
from two patients, one with aortic stenosis and one with
mitral stenosis. In the continuous mode, the patient with
aortic stenosis demonstrated a flow velocity of 5 mls toward
the probe located in the suprasternal notch. A velocity of 5
mls corresponds to a gradient of 100 mm Hg, while at
catheterization a gradient of 95 mm Hg was documented.
When the Doppler recording is switched to the pulsed mode,
the effects of frequency aliasing are seen. Velocities of
greater than 1.7 mls are cut off and reflected as negative
velocities, resulting in a solid band of velocities from
+ 1.7 mls to - 1.7 mls. The velocity estimators are in-
operative when this degree of aliasing is present.
The recording from a patient with moderate mitral ste-
nosis demonstrates more subtle differences between contin-
uous and pulsed mode Doppler. In this patient, the diastolic
velocities are less than 1.7 mls during mid-diastole and are
accurately depicted in the pulse mode. It is only during
initial valve opening and during atrial contraction that ve-
locities exceed 1.7 mls. The continuous mode correctly
depicts all velocities, while in the pulsed mode peak ve-
locities are cut off, resulting in a deformation of the profile.
In the pulsed mode, velocities greater than 1.7 mls are
displayed as negative velocities away from the apically lo-
cated transducer. The Doppler-calculated mean mitral gra-
dient was 6.3 mm Hg, pressure half-time was 180 ms and
estimated valve area was 1.2 em". At catheterization, the
gradient was 8 mm Hg and valve area was 1.2 crrr'.
Pulse mode versus continuous mode recordings. In
patients with peak velocities less than 1.7 mis, the pulsed
mode recordings were preferable to those obtained with
continuous mode. To illustrate this, a patient with mild
mitral stenosis is shown in Figure 3. In the pulsed mode,
the sample volume can be placed in the maximal velocity
jet (vena contractor), and a more uniform velocity profile
recorded. The pulse recording has a better signal to noise
ratio than the continuous tracing. The continuous mode Dop-
pler techniques records velocities along the entire ultrasound
beam path, and not only in the vena contractor. The result
is a recording of the slow velocities outside the peak velocity
jet, as well as of the peak velocities. The mean velocity
estimator detects the slower velocities and records them as
the slower mean velocity in continuous mode when com-
pared with the pulsed mode.
Theoretically, the velocity profile within the vena con-
tractor is relatively uniform within a narrow range of ve-
locities at any instant of time. Figure 3 illustrates this effect.
The pulse recording shows a very narrow range of velocities
from the peak, at beginning of diastole, until zero flow is
reached in mid- to late diastole. This recording was obtained
from the apex in a patient with atrial fibrillation and no atrial
contraction. The Doppler mean gradient was 4 mm Hg,
pressure half-time 150 ms and estimated valve area 1.5 em".
A catheterization gradient of 5.5 mm Hg and an area of 1.6
cnr' were found.
Aortic Stenosis
Of the 32 patients with suspected aortic stenosis and
adequate catheterizationdata, 26 had adequateDoppler studies
for a success rate of 81%. The maximal velocities were
recorded from the suprasternal or supraclavicular area in 16
(61%) of the patients with successful studies, the right par-
asternal windows in 7 (27%), the cardiac apex in 2 (8%)
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Figure 2. Continuous recordings from two patients
demonstrating the differences in continuous wave and
pulsed Doppler techniques. The electrocardiogram
(ECG), maximal(max V) and mean (mean V) velocity
estimator and spectral velocities are shown. The max-
imal velocityestimator is always represented above the
zero baseline. The mean velocityestimatorand spectral
velocity are directional; flow toward the probe is dis-
played above the baseline and flow away is shown
below. The top panel shows a patient with aortic ste-
nosis (AS) and a peak velocity of 5.2 m/s by both the
maximal velocity estimator (Max V) and spectral out-
put. In the pulsed mode, velocities greater than 1.7
m/s are cut off and displayed as flow away from the
transducer, rendering both spectral and velocity esti-
mator measurements impossible. The bottom panel is
from a patient with mitral stenosis (MS), and only the
spectraloutput and electrocardiogram are shown. Dur-
ing mid-diastole, velocities are less than the 1.7 m/s
limit and both techniques are accurate. During early
diastole and after the atrial contraction, velocities ex-
ceed 1.7 mis, resulting in aliasing that deforms the
pulsedprofileand depicts the high velocities as patches
of flow away from the transducer. Cal = calibration.
and the left parasternal area in 1 (4%). At the time of
catheterization, the mean cardiac index was 2.4 ± 0.9 liters/
min per rrr'; 11 patients had a cardiac index of 2.2 liters/
min per m2 or less. Average aortic valve area was 0.86 ±
0.58 crrr'; seven patients had a valve area of 0.5 cnr' or
less. Six patients demonstrated aortic insufficiency on su-
pravalvular aortography.
The Doppler tracing from a patient with aortic stenosis
is shown in Figure 4. This recording was obtained using
the Doppler only instrument and is recorded from the su-
prasternal notch. Mean and maximal velocity estimators and
1 ms calibration marks as well as the electrocardiogram are
shown. The peak velocity is easily measured and the equiv-
alent pressure gradient calculated. There was close agree-
ment with the peak to peak gradient obtained at the time of
catheterization.
The correlation between Doppler observed peak gradient
and catheterization peak gradient is shown in Figure 5. The
correlation between techniques was 0.94. The largest dis-
crepancy between techniques occurred in a patient with a
110 mm Hg gradient by Doppler technique and a 170 mm
Hg gradient at the time of catheterization.
Doppler and catheterization studies were in close agree-
ment, distinguishing patients with a gradient less than 50
mm Hg from those with a gradient greater than 50 mm Hg.
Table 1 lists findings in the 11 patients with a cardiac index
of 2.2 liters/min per rrr' or less; the low cardiac output in
this group did not adversely affect the agreement between
techniques (correlation coefficient [r] = 0.92). There were
three patients with a peak gradient of less than 50 mm Hg
by both techniques who had a valve area of less than 1.0
crrr'.
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Figure 3. The advantage of pulsed versus contin-
uous Doppler ultrasound in patients with low ve-
locity flow is shown in this continuous strip from
a patientwithmildmitralstenosis. The pulsed mode
allows sampling confined to the maximal velocity
jet yielding a narrower band of velocities. Thecon-
tinuous wave signal has a poorer signal to noise
ratio and also detects the slower velocities before
and after the maximal velocity jet. resulting in a
spectraloutput that is less distinct but still adequate
for measurements . Abbreviations as in Figure 2.
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Mitral Stenosis
Thirty patients with suspected mitral stenosis underwent
Doppler examination and examinations were obtained in 27
(success rate of 90%). Maximal velocities were recorded
from the apical area in all patients. The mean mitral valve
area by catheterization calculation was 1.12 ± 0.37 ern?
and mean mitral valve gradient was 12.2 ± 5.8 mm Hg.
Fourteen patients had a valve area of 1.0 crrr' or less and
eight had a mean gradient of 15 mm Hg or greater. Mitral
regurgitation of no greater severity than 2 + was present
in five patients at the time of cineventriculography.
A typical Doppler tracing obtained f rom the apical area
in a patient with mitral stenosis is seen in Figure 6. The
maximal and mean velocity estimator, I m/s calibration
mark and electrocardiogram are indicated. along with the
calculated mean gradient, pressure half-time and estimated
valve area from the pressure half-time measurements. The
prominent atrial kick is clearly seen.
A correlation of 0.85 between Doppler-derived mean
mitral gradient and catheterization mean mitral gradient is
presented in Figure 7. One patient with a good quality
Doppler study developed atrial fibrill ation during the 13
hours between Doppler examination and cardiac catheter-
ization. Therefore, mean gradient for this patient was not
included in the comparison although the mitral valve area
was included because valve area would not be expected to
change with a change in cardiac rhythm. The greatest dis-
crepancy between techniques occurred in a patient with a
21 mm Hg mean gradient at the time of catheterization but
a 9 mm Hg gradient by Doppler examination. Because this
patient was the third subject in the study. maximal velocity
jet may not have been correctly identified. The estimated
mitral valve area by Doppler technique agreed with cathe-
terization area in this patient, 0.95 crrr' and 0.8 crrr'. re-
spectively.
The correlation of mitral valve area. Mitral valve area
(Fig. 8). estimated by the Doppler pressure half-time method
and catheterization calculated area was 0.87. The greatest
difference between techniques occurred in a patient with 2
+ mitral regurgitation at the time of catheterization; thus
it is possible that the catheterization-derived valve area was
too low because of mitral regurgitation. In the eight patients
with mitral valve commissurotomy, the correlation between
techniques was not as good as for the entire group of patients
(r = 0.69). The correlation between techniques in this group
of patients was severely affected by the one patient with 2
+ mitral regurgitation and the possible inaccurate catheter-
ization-calculated area. Eliminating this one patient yielded
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Figure 4. An example of the Doppler recording
obtained from the suprasternal notch in a patient
with aortic stenosis. The recording was made with
the Doppler only instrument which lacks a spectral
output. The amplitude trace displays total reflected
sound and is useful for timing valve opening and
closing. The patient had a 66 mm Hg gradient at
time of catheterization. G = Doppler calculated
gradient, other abbreviations as in Figure 2.
a correlation coefficient of 0.90 in the postcommissurotomy
patients.
Figure 5. Doppler-derived peak aortic gradient compared with
catheterization measured (CATH) peak to peak gradient in 26
patients with suspected aortic stenosis. There was good agreement
between techniques with a good separation of patients with gra-
dients above and below 50 mm Hg as indicated. The correlation
coefficient (r) = 0.94, standard error of the estimate = 12.8.
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Discussion
Two-Dimensional Echocardiography
Mitral stenosis. Two-dimensional echocardiography has
aided greatly in the diagnosis of suspected cardiac condi-
tions. Previous work by others (1,2) has shown that the two-
dimensional technique is useful not only in assessing the
presence of rheumatic mitral valve disease, but also in quan-
tifying the severity of mitral orifice narrowing. However,
there are patients in whom the two-dimensional examination
may be technically suboptimal, making the accurate as-
sessment of a mitral valve orifice impossible. Additionally,
in patients who have undergone mitral commissurotomy the
mitral valve orifice is often deformed when it is visualized
in the short-axis parasternal views, which makes accurate
measurement of the valve area difficult. Work by many
authors (19) has shown that young patients, or patients with-
out suspected or proven features of coronary artery disease,
could undergo operative intervention on the basis of the
two-dimensional echocardiographic assessment of mitral valve
narrowing, and may not require cardiac catheterization. If
another reliable noninvasive technique were available to
calculate mitral valve area and mean gradients, it would
serve as an excellent addition to the noninvasive assessment
of the rheumatic mitral valve.
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Table 1. Findings in 11 Patients With a Low Cardiac Index (:s 2.2 liters/min per m2)*
Pressure Gradient (mm Hg)
Age Peak Cardiac Output Cardiac Index Aortic Valve
(yr) Doppler Catheterization (liters/min) (liters/min per m2) Area (crrr')
59 115 110 3.3 2.0 0.3
6 1 107 107 39 2.2 0.42
75 4 0 3.6 2. 1 > 2.0
63 73 68 3.5 2.0 0.6
64 110 170 3.3 2.2 0 .23
44 61 55 2.9 2. 1 0 .5
58 17 40 3.4 2.0 0.5
75 29 26 3.5 2. 1 0.8
59 65 75 4.3 2. 1 0 .65
56 18 10 4.6 2.2 1.3
66 40 46 3.9 2. 1 0 .7
"Three patients with a gradient less than 50 mm Hg had a valve area of 1.0 em? or less.
Figure 6. The Doppler only output from the apical position in a
patient with mitral stenosis. The calculation of pressure half-time
(t '/ 2 ) is shown for the first complex. The patient had an atrial
contraction well seen on the velocity tracing although a P wave is
not clearly seen on the electrocardiogram (ECG). At the time of
catheterization, a mitral valve area (MVA) of 1.4 ern? and a mean
gradient (MVG) of 13 mm Hg was found. Abbreviations as in
Figure 2.
Aor tic ste nosis. The two-dimensiona l echocardio-
graphic technique has not been as useful in differentiating
patients, especially the elderly, with aortic sclerosis from
those with aortic stenosis. Various investigators have at-
tempted to utilize variables such as cusp separation and
aortic orifice size to assess the presence of severe aortic
stenosis. These variables have been somewhat useful in the
adolescent or child with congenital malformation of the
aortic valve , but the elderly patient with marked thickening
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Figure 7. Correlation between Doppler-derived and catheteriza-
tion (CATH) deterrnmed mean mitral valve (MY) gradient in 26
patients demonstrating a good correlation (r = 0.85, standard error
of the estimate = 2.4). ~ = patients post-mitral commissurotomy;
+ = the single patient with 2 + mitral regurgitation (MR) at
time of catheterization.
of the aortic anulus and valvular structures has been much
more difficult to assess (3,4,20), Those older patients who
present clinical diagnostic dilemmas for differentiating aor-
tic sclerosis from aortic stenosis are precisely those in whom
the two-dimensional echocardiographic technique has been
less accurate for estimating valvular area or gradient (3,4).
Again, a noninvasive technique that would allow for the
accurate assessment of aortic valve gradients would be a
useful adjunct to the tomographic anatomy obtained from
the two-dimensional echocardiographic technique.
Doppler Instrumentation
Methodologic considerations. A combination of pulse
wave and continuous wave Doppler recordings offers many
advantages for use in valvular heart disease. The majority
of reports (21-24) dealing with the cardiac Doppler tech-
nique have dealt primarily with the pulse wave mode. A
pulse wave Doppler recording has the strong advantage of
giving range or specific tomographic velocity profiles. It
allows the operator to systematically investigate various
chambers and inflow-outflow areas to detect specific regur-
gitant or stenotic lesions, especially when coupled with some
form of cardiac imaging, It is a sensitive technique whereby
a small sample volume provides a cleaner velocity profile
because of the limited area of the regurgitant or stenotic Jet
being sampled. These advantages have led to its widespread
use.
The obvious limitation of the pulse wave Doppler mode
is the low maximal measurable velocity caused by aliasing
error. Although various techniques have been attempted to
overcome this, the pulse wave Doppler mode is not able
at the current time to reliably measure velocities of greater
than 2 m/s. A velocity of 2 m/s corresponds to a pressure
gradient of only 16 mm Hg. A pressure of 16 mm Hg is
exceeded in all patients with significant aortic stenosis and
can be exceeded in many patients with significant mitral
stenosis. In patients with significant aortic stenosis, aliasing
makes measurement of velocity impossible. A more subtle
but serious form of aliasing error can occur in patients with
significant mitral stenosis and velocities both above and
below the pulsed mode limit. Failure to recognize the pres-
ence of aliasing error in such patients can result in inaccurate
measurement of velocities and mitral pressure half-time.
Reports (21-24) utilizing pulsed Doppler recordings have
relied on identifying patterns of disturbed or turbulent flow
as diagnostic of significant valvular stenosis, Frequency al-
iasmg may appear and sound like turbulence, but may be
the actual source of pulsed Doppler patterns that have been
associated with significant valvular stenosis. This is not to
deny that poststenotic turbulence occurs (25), but only to
question the pulsed Doppler findings in the presence of high
velocity jets that exceed the frequency aliasing limit.
The continuous wave Doppler mode is currently capable
of measuring velocities as high as 6 rn/s, corresponding to
a pressure gradient of 144 mm Hg. There are very few
patients with a gradient exceeding this limit, and such pa-
tients would be easily recognized by the Doppler recording
as havmg significantstenosis. The continuous wave Doppler
mode has the disadvantage of giving no range information,
making it difficult to determine if a recorded velocity occurs
above or below a valve, as when distinguishing aortic out-
flow obstruction from mitral regurgitation. By combining
pulsed and continuous wave Doppler recordings with careful
operator techniques these difficulties can be overcome,
Aortic stenosis. Our results have been very good for
aortic stenosis. Although they confirm prior work by Hatle
et al. (10), their patient group was substantially younger
than ours. We attempted to look specifically at patients in
whom the diagnostic dilemma of aortic sclerosis versus aor-
tic stenosis was a difficult one to resolve based on clinical,
electrocardiographicor echocardiographic data, Hence, our
sample size was somewhat larger than that of Hatle et al.
(10) and we had an older patient group. We found that we
had an adequate success rate in obtaining good aortic gra-
dients by using multiple Doppler windows, Of particular
importance were recordings from the suprasternal notch and
the second right parasternal inner space with the patient in
the right lateral decubitus position. It required some time
to perform each examination and to obtain the highest pitched
audio signal identifying the maximal velocity jet across the
stenotic aortic valve. The qualitative or "art" nature of
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Figure 8. Comparison of mitral valve area in
27 patientsas measuredby Dopplerultrasound
and catheterization (CATH) demonstrating a
goodcorrelation between techniques (r = 0.87,
standard error of the estimate = 0.18). The
patient ( +) with the greatest discrepancy be-
tween techniques was the one with 2+ mitral
regurgitation (MR) in whom the catheteriza-
tion-derived area may have been erroneously
small. Abbreviations as in Figures 2 and 7.
educating the operator in identifying the proper audio signal ,
which therefore identifies the best jet, is a limitation of the
Doppler technique.
Of interest is the fact that in those patients with a low
cardiac index « 2 .2 liters/min per m2) , we also had very
good correlation between cardiac catheterization-derived
gradients and those obtained by the Doppler method. Vis-
ualization of the left ventricle by the two-dimensional echo-
graphic technique revealed those patients with a low gradient
who had a low overall ejection fraction . In these patients ,
a low gradient can be present even though there is critical
aortic stenosis .
Mitral stenosis. The results in patients with mitral ste-
nosis were encouraging. There was a good correlation be-
tween Doppler-derived mean mitral gradient and valve area
with values determined by cardiac catheterization . These
findings confirmed previous reports (9,15,16). The slope of
the velocity profile curve and pressure half-time correlate
well with obstruction at the mitral valvular level, whereas
maximal or peak velocity is more dependent on flow. There-
fore, a prolonged pressure half-time with a flat slope will
be seen in patients with obstruction. Patients with predom-
inant mitral regurgitation and a high flow across the mitral
valve may have high initial peak velocities but a rapid de-
scent; hence, a very short transmitral pressure half-time
(14) . As noted in our patient with 2+ mitral regurgitation,
the valve area calculated by the Doppler study was larger
than that determined by catheterization. It is possible that
in the presence of significant regurgitation, the Doppler
valve area is more accurate .
Previous reports (9,15) have documented very little day
to day variation in transmitral pressure half-time even though
patients had a change in heart rate or cardiac output. Our
data clearly show that the transmitral pressure half-time is
a very useful way of estimating mitral valve area. Utilizing
a combination of the Doppler and two-dimensional echo-
cardiographic techniques , good confirmatory evidence for
mitral valve area and mean pressure gradient should be
easily obtained in the majority of patients.
Limitations of Doppler Ultrasound
Problems in recording. There are limitations to the use
of the Doppler technique. First is the fact that the best
Doppler signal is generally identified by an auditory signal
heard by the operator; therefore, there is a learning period
during which the operator must be taught to identify pure
aortic stenosis and mitral stenosis Doppler signals . Being
able to look at the Doppler display helps in identifying and
obtaining a good velocity profile . Nevertheless, mental rec-
ognition of the " best signal" must be learne d by the op-
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erator. Similarly, the inability to visualize or localizea very
small maximal jet or a jet across a deformed aortic valve
that has many different orifices may produce errors.
When utilizing a combined Doppler/two-dimensional
echocardiograph ic machine. it is important to recognizethat
the best two-dimensional image may not yield the best or
maximal velocity Dopplersignal. Also, as the Dopplerbeam
becomes more perpendicular to the jet, there is a dramatic
decrease in the accuracy of the Doppler-derived velocity
and maximal gradient. The Doppler-derived velocity would
be less than true velocity by an amount equal to the cosine
of the angle between the Doppler beam and the jet: at an
angle of 200 the Doppler-derived velocity wouldbe 94% of
true velocity. while at an angle of 350 Doppler-derived ve-
locity would be only 82% of true velocity. One is unable
to actually determine the direction of the jet even with si-
multaneous two-dimensional echocardiography and may be
unable to make accurate correction foran angle effect. Therein
lies the necessity for measuring the jet from multiple win-
dows to assure the most parallel direction with the jet.
Possible overestimation of pressure gradient com-
pared with catheterization value. An error can be intro-
duced in patients with aortic stenosis whereby the Doppler-
derived gradient would be greater than the catheterization-
derived peak to peak gradient. The Doppler technique mea-
sures the maximal instantaneous gradient present, whereas
the catheterization-derived peak to peak (aortic to femoral)
gradient on simultaneous tracings may underestimate the
maximal gradient present during early systole. During early
systole, left ventricular pressure may be near maximal but
aortic pressure is still rising, resulting in an instantaneous
pressure greater than peak to peak pressure gradient. This
is usually a small difference but it is a potential SOurce of
Doppler overestimation in a hyperdynamic heart with only
a moderate gradient. Finally, there is a limit to the corre-
lation between Doppler- and catheterization-derived gra-
dients when the measurements are not made simultaneously.
Care was taken in our investigations to ensure that there
was no significant change in theclinical status of our patients
in the interim between studies. Small but important varia-
tions in cardiac output cannot be totally eliminated. A 25%
increase in transvalvular flow will increase the gradient by
more than 50%. Simultaneous measurement of gradients
has been shown to improve the correlation between tech-
niques (15).
Advantages of Doppler Ultrasound
Taking these limitations into account, we have found that
the use of a Doppler instrument that combines pulse wave
and contmuous wave Doppler techniques allows for a good
differentiation between patients with aortic stenosis and aor-
tic sclerosis and offers other confirmation for the severity
of mitral stenosis. The ability of the continuous wave Dop-
pier recording to obtain reliable gradients in patients with
suspected aortic stenosis should be a strong addition to the
noninvasive techniques utilized in cardiologic practice. As
such, it should aid in the appropriate timing for catheter-
ization and surgical intervention. In addition, being able to
utilize the combined two-dimensional echocardiographic and
Dopplertechniques in evaluating the patient with suspected
rheumatic mitral valve disease should allow for accurate
identification of those patients with significant obstruction
at the mitral valve level.
Preliminary work in our laboratory as well as by others
(26) indicates that the Doppler technique is useful in mea-
suring gradients across a stenotic tricuspid or pulmonary
valve as well as gradients due to outflow tract obstruction
or coarctation of the aorta. We have also found the Doppler
technique helpful in evaluating porcine heterografts and it
may be useful in certain mechanical prosthetic valves (27).
The noninvasive nature of the Doppler technique makes it
ideally suited for studies of the effects of exercise on a
patient's symptoms and valvular gradient as well as natural
history studies, particularly in children. The documented
usefulness of combined pulsed and continuous wave Dop-
pler, as well as these future applications, make this tech-
nique an important addition to cardiology.
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